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Steady state of microemulsions in shear flow
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Steady-state properties of microemulsions in shear flow are studied in the context of a Ginzburg-Landau
free-energy approach. Explicit expressions are given for the structure factor and the time correlation function
at the one-loop level of approximation. Our results predict a four-peak pattern for the structure factor, implying
the simultaneous presence of interfaces aligned with two different orientations. Due to the peculiar interface
structure a nonmonotonous relaxation of the time correlator is also found.
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Self-assembling amphiphilic systems are binary or ternaryelative abundance is tuned by Shear thinning is observed
mixtures with a surfactant forming interfaces between theat a characteristic shear rate of the order of the inverse of
other fluid components. These systems show a very riclypical microemulsion relaxation times. We also consider the
phase behavior with ordered and structured disorderefiehavior of the two-time correlator. Due to the coupling be-
phases at different temperatures and relative concentratiofi¢een the flow and the interface structure, this function has a
[1]. Particularly interesting for the applications is the micro-remarkable nonmonotonic behavior characterized by the
emulsion phase where coherent domains of oil and water oRfesence of maxima preceding a fast asymptotic decay.
scales between 100 and 1000 A form disordered isotropic The Ginzburg-Landau free-energy generally used to de-
intertwined structures on larger sca[&s. scribe the equilibrium properties of ternary mixture$ig]

While a satisfactory comprehension of the equilibrium be-
havior of amphiphilic systems is now availallg] the dy-
namical features are far less understood. In particular, in mi- f{¢}=f d®x
croemulsions, the existence of correlated mesoscopic
structures makes the effects of imposed flows very different
than in simple fluids. Interfaces between oil and water are +
elongated in the flow direction and an excess stress appears

in the system. This can give a peculiar dynamics with un-

usual relaxation properties and a non-Newtonian rheologicéWhere the scala.r fiel represents the concentration differ-

behavio3]. Moreover, from a statistical mechanics point of €Nce between oil and water components. The amount of sur-

view, complex fluids in external floy4] are an interesting factant present in the system is related to the valugof

example of an out of equilibrium driven systdi. which can be negative, favoring the appearing of interfaces.
In this Rapid Communication we study the behavior of The term proportional t@ makes stable the frge—energy at

microemulsions in shear flow with a continuum free-energyl@rg® momenta and weights the curvature of interfaces. The

approach similar to that used by Fredrickson and Laf€dn quadratic pzart of thg free-engrgy in the dllsqrdered pha§e with

for the study of rheology of block copolymers and by Onuki@>0 andgg<4ac gives a suitable description of the micro-

and Kawasakj7], Cates and Milnef8], and Nakatanét al. emulsion phase; in particular the space correlation function

[9] for the critical properties. This approach is justified when

the molecular relaxation times of the constituents are much e "E  omr

less than the time scales imposed by the flow fieldzétd G(r)~——sin—~ 2

and Dawson first considered a Ginzburg-Landau model for

describing the rheological behavior of ternary mixtur&g].

However, the results d:_fj_o:l are based on an evaluation of well fits the experimental datBlZ—lﬂ The characteristic

the structure factor obtained numerically or analytically onlylength d=2m(1/2alc—go/4c) V2 represents the size of

in the limit of vanishing shear ratg. Here we solve in the coherent oil or water regions which are correlated up to a

self-consistent one-loop approximation the model for anydistances=(1/2\a/c+ go/4c) ~ 2. At negativego, the struc-

value of y showing that in an intermediate shear range thgure factor obtained by Fourier transforming Eg) has a

structure factor is characterized by four pronounced peaks ipeak at a finite momenturky, = /|go|/2c. Finally, the non-

the plane of the shear and flow directions. This phenomenoharmonic terms in Eq1) describe the possible effects due to

can be interpreted in terms of a complex spatial patternmode coupling and become more important in approaching

where interfaces with two different orientations coexist; theirthe phase boundary.
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The kinetic behavior of the mixture, neglecting hydrody- z-2 2.2
namical effect$16], is described by the convection-diffusion Z-C; Z'Z
. T T
equation[17] g g
= o.5
do - - OF <
—+V. =I'VZ—+ ©-2 = 2
o TV (ev)=TV g 3

where the velocity field is given by=yye,, y being the

shear rate anéx the unit vector in the flow direction. The
stochastic termy is a Gaussian white noise, representing
thermal fluctuations, with zero mean and correlation =-
(n(rt)n(r' t"))=—2TCV25(r—r')s(t—t’), as required
by the fluctuation-dissipation theorem, where..) means
the ensemble average. Hdras a mobility coefficient and
the temperature of the heat bath.

The cubic terms in the functional derivative of E@)
will be treated in the one-loop approximation, which de-
scribes appropriately disordered phases. The resulting eque__
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tion for the Fourier components(lz,t) is given by =
de(k,t) de(k,t) , )
s g = TR X0+ kS
b N z.© 2.5
+ Eso(t)"'gZSz(t)) (p(k,t) 4.5 2.0
— 1.0 1.2
_ ;j/ 1.9
o.o o &

where X(k) =ck*+gok?+a, Sy(t) (with p=0,2) are de-
fined self-consistently by the relations
FIG. 1. Projections of the structure factor on the plakgs0
~ (left column and k,=0 (right column at shear ratesy
kPC(k,1), ©) =0.25,2,4,8(from top to botton. The axis without label i%, in
the left column and, in the right column ¢3<k, ,k,<3). The
edge of the circular volcano at=0.25 is at abouk,,=1.26.

Sp(t)=

[K<A(27r)P

where C(IZ,t) is the structure factor defined as

(e(k,)o(—kt)) and A is a phenomenological ultraviolet renormalized parameters. Then, for a given choicé ahd
cut-off. Starting from Eq(4) a straightforward calculation g we invert the above mentioned relations and compute the
[10,18 give the dynamical equations for the various corre-aies ofa,g, to be used in the case with shear. In the
lation functions[19]. We first focus on the properties of the following we show results for the cage=7,d=5. The other
structure factor. Using the method of characteristics tthe parameters are set to the valges2, b=g,=T=1. Similar

— o expression of the structure fact@(k) can be calcu- results have been obtained for different choices of param-

lated as eters withd/& in the range between 0.5 and 2.5.
. , The effects of the flow orC(lZ) are shown in Fig. 1,
C(g):f dzZFTRz(z)exp{ _f ds2I'K2(s)[aR where the projections of the three-dimensional structure fac-
0 0 tor on the plane&,=0 andk,=0 are plotted at differeny.

At y=0 the structure factor is isotropic and its shape on each
+gRK2(s)+cR4(s)]], (6) Cartesian plane is that of a circular volcano with radiys
When shear is applied, the projection on the=0 plane
. . . gives the same results of the=0 case because the velocity
where K(s)= (k. ky+vks, k), K*=(K?? aR=a+b/ field is along thex direction. On thek,=0 plane, instead,
2S5+ 9,S, , gR=0o+ 9,5y , andS; andS; are the limit for  this pattern is progressively distorted as the shear rate is in-
t—oo of Sy(t) and Sy(t). creased. For smail (see the casg=0.25 in the left column
Since ¢ andd are the physical quantities to be comparedof Fig. 1) the edge of the volcano becomes elliptical and
with experimental data, the model parameters are tibeld  slightly depressed along the= —k, direction. Asy is in-
with the following procedure: We first calculate the one-loopcreased four peaks are clearly observable, as shown in Fig. 1
renormalization of the bare coefficierd®ndg without shear at y=2 andy=4. By increasing the shear rate, the maxima
and express the correlation lengthsandd in terms of the located atk,=0 become comparatively more important
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0

10 - - . . WhenC(Kk) develops four maxima &,=0 shear thinning or
decreasing oA 7 is first observeds,, keeps increasing with

a much smaller effective exponent consistent with the value
10 3 0.13. The characteristic valug whereo,, changes its be-
havior can be related to the internal structure of a microemul-
sion in equilibrium. Indeed, relating the typical time scale of

107 3 the system to the relaxation timg, of the mode correspond-

=y ing to the peak of the structure factptO], it is straight-
o . foward to calculate that, = (1/81'c){&2d?/4m?[ (272/d)?

107 ¢ 3 —1/£2]}. For the choice of parameters in Fig. 8,=1.37

close to the inverse of4, which is of the order 1. We have
found a similar relation also for other choices of parameters.

—4 L _ .
10 For very largey, when the peaks & =0 alone surviveg,,
decreases to zero because the excess stress vanishes when
10 . . . . the interfaces are aligned with the flow. A similar behavior is
107 10° 10° 10° 10° 1°  shown by the first normal streshl;=f[dk/(27)°](K
Y —K2)(gR+2ck) C(K) [23].
FIG. 2. Stress tensor as a function of the shear ate Next we consider the dynamical properties of the micro-

emulsion phase. In the steady state the two-time correlation
while the other peaks rotate clockwise and decrease thefunction D(K,K',t)=(e(K,t) o(k',0))=D(K,t) S(K(t) +k’)
amplitude linearly iny until they disappear. Indeed, in the [24] can be computed through
limit y— oo, since terms proportional to powers g, damp
the exponential term on the r.h.s. of Ef), only the maxima
of C(IZ) with k,=0 survive. Figure 1 shows that this is al-
ready observable fop=8. Then, by lettingk,=0 in Eq.(6)
we find the peaks located &= =*ky . The description is +CR4(S)]ds]. )

D(K,t)= C(K(t))exp{ - ftr K2(s)[aR+gRK2(s)
0

completed with the projection of the structure factors on the

planek,=0 shown in the right column of Fig. 1. Here two

peaks atk,=0k,==*ky , are observed to become sharper D is the product of two terms: the structure factor evalu-
and sharper as the shear is increased. ated at the translated momentu&{t) and an exponential

A peak ofC(K) is generally interpreted as the signature of (o, Eor a giver12= IZ(O), IZ(t) moves along thé, direc-
a characteristic length in the system which is proportional to y

the inverse of its position. In this case, since the system is g . . .
not isotropic, to each maximum one associates three lengths 1.0

one for each space direction. Due to the symmétry—Kk
only the peaks not related by reflection around the origin can
be considered. For large shear the existence of a singl :
couple of maxima ak,= 0 signals that interfaces are aligned 1.0 |
along the flow. In the transverse directions the characteristic
lengths are the same as without shear. For intermediate vak-_;:

ues of y the additional peaks ak( k, k,) reveal the pres- &

ence of interfaces oriented with an angle: arctan(—~kX/T<y)
with respect to the flow, besides those aligned alongxthe
direction. Asvy is increased these features are progressively
tilted in the direction of the flow while their relative abun-
dance diminishes, as suggested by the behavior of the
maxima withk,# 0 previously discussed. The existence of a
fourfold peaked structure factor has been also reported ir ““pq 1.0 20 %0 4.0
scattering experiments on segregating mixtigs21]. t

Stretching of domains requires work against surface ten-
sion and results in an increade; of the viscosity{ 22]. The
excess viscosity is generally definedag= o,,/y with the

0.5

exp{P(k.t)}

0.0
0.

0.5 -

FIG. 3. Behavior of the time correlation functidid) is shown

for the three values of the wavevector corresponding to the posi-
. . b R tions A, B, and C in the lower inset of the figure. The elliptical
shear stress given by oy,= —JIdk/(2m) " Tkky(g shape in this inset represents schematically the contour plot of the
+2ck?)C(k) [10]. In Fig. 20,y is plotted as a function of.  structure factor in the planie,=0. Solid, dotted, and dashed lines
For smally, oy, grows linearly withy, as is also found in  correspond respectively to the ca&gsB, andA. In the upper inset
Ref.[10]. This behavior is observed in correspondence of ghe exponential factor in the right-hand side of Eg).is plotted for
structure factor similar to that shown in Fig. 1 #=0.25.  the same three values kf

040501-3



RAPID COMMUNICATIONS

F. CORBERI, G. GONNELLA, AND D. SUPPA PHYSICAL REVIEW E3 040501R)

tion upward or downward depending on the signkef as  twice, as in caseB andC respectivelyD is characterized by
represented schematically in the lower inset of Fig. 3. Therea corresponding number of peaks. This rich behavior has
fore, whenK(t) crosses the edge of the structure factor,never been described before to our knowledge and could be

C(K(t)) shows a pronounced maximum. This feature is pe-Seéarched for in experimenf&5]. o .

culiar to microemulsions, where the presence of interfaces In conclusion, we have presented explicit expressions for
gives the patterns of structure factor discussed above arfje steady-state structure factor and the time correlation
cannot be observed in simple fluids. The exponential term ifiunction of a Ginzburg-Landau model describing mixtures of
Eq. (7) contains a polynomial oft and behaves as oil, water, and surfactant in the microemulsion phase under
exp(—F;ﬁkﬁcF/?) for long times. However, due to the pres- the action of a shear flow. The structure factor exhibits a four
ence of negative coefficients, the decay can be much slowdgieak pattern which implies a nonuniform orientation of in-
at earlier times, as can be observed in the upper inset of Figerfaces with two preferred directions. The time correlator,
3. In particular, one can show that an inflection point is dereminiscent of the interface structure, shows maxima super-
veloped at tad=k,/k,= — yt in the sectors wittk,k,<0.  imposed on a global decay. All these predictions can be
Other inflection points come out, even in the other sectorstested experimentally and show that together with the equi-
due to the negative value @®. Such a slow decay can librium behavior also the dynamics of complex fluid is char-
preserve the observation of the maximumatK (t)) in the  acterized by a very rich phenomenology.

full time correlator(7). In Fig. 3 the behavior ob is shown

for three typical values ok. In caseA, K(t) does not inter- We thank Kenneth Dawson for discussions. F.C. and G.G.
sect the volcano of the structure Eactor so thatdecays acknowledge support by the TMR network Contract No.
monotonously. When the edge 6f(k) is crossed once or ERBFMRXCT980183 and by PRA-HOP INFNKL999.
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